Blast response of RC slabs with externally bonded reinforcement : experimental and analytical verification by Maazoun, Azer et al.
Contents lists available at ScienceDirect
Composite Structures
journal homepage: www.elsevier.com/locate/compstruct
Blast response of RC slabs with externally bonded reinforcement:
Experimental and analytical veriﬁcation
Azer Maazouna,⁎, Bachir Belkassemb, Bruno Reymenb, Stijn Matthysa, John Vantommeb,
David Lecompteb
aGhent University, Magnel Laboratory for Concrete Research, Technologiepark-Zwijnaarde 904, 9052 Gent, Belgium
b Royal Military Academy, Civil and Materials Engineering Department, 30 Avenue de la renaissance, 1000 Brussels, Belgium
A R T I C L E I N F O
Keywords:
Carbon ﬁber reinforced polymer
Blast response
RC slab
Strengthening
A B S T R A C T
The present paper provides an analysis of the eﬃciency of externally bonded reinforcement (EBR) on reinforced
concrete (RC) slabs under blast loads. Five simply supported slabs with a span of 2m are tested under explosive
charge. One of the slabs is used as a reference specimen and the remaining slabs were strengthened with diﬀerent
ratios of carbon ﬁber reinforced polymer (CFRP). An analytical analysis is carried out using the simpliﬁed single-
degree-of-freedom (SDOF) approach to predict the maximum deﬂection at midspan. Digital image correlation
(DIC) is used to measure the maximum deﬂection at the midspan of the slab and the strain distribution in the
concrete and the EBR. Given the challenge to combine these displacement ﬁeld measurements with blast, an
explosive driven shock tube method has been adopted in this study. The results indicate that CFRP as EBR
increases signiﬁcantly the ﬂexural capacity and the stiﬀness of RC slabs under blast loads. The impact of the blast
wave on the RC slabs generates high strains in concrete, steel reinforcement and CFRP strips. Good corre-
spondence in the prediction of the maximum deﬂection between the experimental and the analytical results, is
obtained, showing that analytical analysis by means of the simpliﬁed SDOF approach leads to a reliable pre-
diction.
1. Introduction
The use of CFRP as EBR to strengthen existing RC members has been
demonstrated as an eﬃcient technique for static load conditions [1–3].
More recently, a number of studies have been conducted on the use of
CFRP EBR to strengthen RC structures against blast loading. Razaqpur
et al. [4] investigated full scale explosive testing of GFRP retroﬁtted
reinforced concrete slabs. They showed that for the explosive loading
with 22.4 kg of ammonium-nitrate-fuel-oil (ANFO) at a standoﬀ dis-
tance of 3.1m, the GFRP retroﬁtted slab performed signiﬁcantly better
than the control specimen in resisting to the blast load. The post-blast
static strength of the retroﬁtted panel was 75% higher than the un-
retroﬁtted slab. Ha et al. [5] tested nine RC panel specimens retroﬁtted
with either CFRP, polyurea (PU) and hybrid CFRP/PU under blast
loading. The blast load was generated by detonating a 15.88 kg ANFO
explosive charge at 1.5 m standoﬀ distance. From the test results, the
maximum displacement of CFRP, PU and hybrid CFRP/PU specimens
with respect to the reference specimen had a retroﬁtting eﬀect of
21.4%, 15.7%, and 37.4%, respectively. Buchan and Chen [6] explain
that the use of FRP for retroﬁtting can signiﬁcantly increase the blast
resistance of RC structures by increasing the structural strength, duc-
tility and by reducing the fragmentation. Complementary research has
also been performed in [7–10]. Yet, given the many diﬃculties in
getting reliable experimental results due to the destructive nature and
the short duration of the explosion load [6], further research work is
needed for a proper understanding of the blast response. In this article,
an experimental and analytical analysis are developed to predict the
maximum deﬂection of RC slabs with EBR under blast loads and to
investigate the eﬀect of the blast wave on the retroﬁtted slabs through
the analysis of the strain distribution in the steel reinforcement, the
concrete and the CFRP strips. An explosive driven shock tube method is
proposed, to be able to combine explosive testing with advanced de-
formation measurements.
2. Experimental analysis
In order to investigate the feasibility of strengthening RC slabs for
blast loading by means of EBR and to study the blast response of the
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strengthened slabs, ﬁve specimens were casted in laboratory conditions
with the following dimensions: length 2.3m, width 0.3 m and thickness
0.06m. Fig. 1 shows the slab dimensions and reinforcement details. For
CFRP strips, unidirectional Sika CarboDur S1525 plates have been used
with the following dimensions: length 1.96m, width 15mm and
thickness 2.5mm. According to technical data provided by the supplier,
CFRP strips have a density of 1500 kg/m3 and a carbon ﬁber volumetric
content equal to 70%. Table 1 summarizes the static material properties
of the steel reinforcement, the epoxy and the CFRP strips, as obtained
from the manufactures. The concrete strength fcm (average of 3 cubes
with side length 150mm) at 73 days and 107 days age of testing the
slabs, is given in Table 2. Five RC slabs are tested: slab A1 is used as a
reference specimen; slabs A2, A3 and A4 are retroﬁtted with 1 CFRP
strip, 2 CFRP strips and 4 CFRP strips, respectively; and slab A5 is
retroﬁtted at both sides with 2 CFRP strips. Fig. 2 shows the specimens
before testing and Table 2 summaries the test parameters of the RC
slabs, also in terms of applied reinforcement ratios ρs and ρf of the steel
and CFRP.
The application of the FRP is performed in accordance with the
procedure described in ﬁb [11]. A ﬁrst important aspect is the pre-
paration of the concrete substrate which has been roughened using a
diamond disc grinder, to expose the aggregates, providing an enhanced
bond with the FRP and to activate the tensile strength of the concrete in
an optimum way. Before the adhesion of the FRP strips, the strips are
cleaned with acetone to remove any traces of grease and dust. The
epoxy is mixed in the speciﬁed proportions. A thin layer of adhesive is
applied on the roughened and cleaned concrete surface and a layer of
adhesive is applied on the FRP strip in a dome shape, reducing the risk
of forming voids. After that, the strip is placed on the concrete surface
and a rubber roller is used to apply a pressure on the strip to ensure an
intimate contact. Fig. 3 shows the position of the CFRP strips bonded on
the RC slab.
2.1. Explosive driven shock tube
In Buchan and Chun [6], not all the desired information was col-
lected from the blast tests due to damage of the pressure transducers by
the blast wave and due to the light and the smoke generated by the
explosions. Using an explosive driven shock tube (EDST) oﬀers many
advantages: the pressure and impulse are ampliﬁed; the light and the
smoke of the explosion are less interfering with the measurements; a
plane blast wave is uniform obtained at the end of the tube [12]. In this
study an EDST is used with a square section; the width is 300mm, the
thickness of the tube wall is 5 mm, and the length is 1.5 m as shown in
Fig. 4. The position of the tube is 5mm from the specimen. The tube is
roller supported, such that it is pushed aside for backwards deﬂections
larger than 5mm (in the rebound phase).
2.2. Experimental setup for blast tests
The blast wave at the tube end is governed by the explosive weight
and the stand-oﬀ distance between the explosive charge and the EDST
entrance [13]. Some preliminary tests are performed to measure the
reﬂected pressure signals from four transducers placed at the end of the
tube. The sensors are ﬁxed at diﬀerent positions from the center of the
tube as shown in Fig. 5 and which conﬁrm the uniformity of the blast
wave. Applying a zero standoﬀ distance (d) and the detonation of 40 g
of C4, an average maximum reﬂected overpressure and impulse equal
to 3MPa and 1150 Pa.s are obtained respectively. The experimental
Fig. 1. RC slab details.
Table 1
Static material properties.
Type Nominal
dimensions (mm)
Yield
strength
(MPa)
Tensile
strength
(MPa)
Ultimate
strain (%)
Young-
modulus
(GPa)
Rebars
S500
Ф 6 500 570 10 210
Carbodur
S1525
15×2.5× 1960 – 2800 1.7 165
Sikadur-30 ∼1mm thick – 30 0.9 12.8
Table 2
Test parameters of RC strengthened in ﬂexure.
Spec Type of strengthening Age at test
(days)
fcm (N/
mm2)
ρs (%) ρf (%)
Test A1 Reference 74 56.3 1.41 –
Test A2 Retroﬁtted with 1 CFRP
strip
74 59.8 1.41 0.31
Test A3 Retroﬁtted with 2 CFRP
strips
74 51.0 1.41 0.62
Test A4 Retroﬁtted with 4 CFRP
strips
74 50.0 1.41 1.25
Test A5 Retroﬁtted with 2 CFRP
strips at both sides
106 53.7 1.41 1.25
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setup further applied is shown in Figs. 6 and 7.
2.3. Instrumentation
Fig. 7 shows the deformation measurements used in the blast tests.
DIC is used to obtain the out-oﬀ plane deformation of the slab
(deﬂection) and the strain evolution in the CFRP strips and the concrete
at the midspan of the RC slab during the explosion by means of two
Photron SA5 high-speed cameras equipped with 50mm focal length
lenses, at a frame rate of 10.000 fps with a resolution of 896×840
pixels. The shutter speed is 50.000 1/s. Two spotlights are positioned
behind the cameras to improve the illumination of the set-up. Three
Fig. 2. Experimental specimens.
Fig. 3. Position of the CFRP strips bonded on the RC slabs.
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strain gauges of 10mm length with a nominal resistance of 120Ω are
also used; two of them are bonded on the steel reinforcement at 0.1m
from the midspan of the slab before casting the concrete and the third
one is glued on the CFRP strip at 0.1 m from the midspan of the slab. A
pointer laser is aimed at the middle of one of the supports to record the
deﬂection of the support. To measure the incident pressure at the end of
the tube of each experiment, two pressure transducers are ﬁxed at 5mm
before the end of the tube (Fig. 6).
3. Experimental results
3.1. Propagation of the blast wave through the RC specimens
The blast wave hits the slabs at 1.4 ms as is shown in Fig. 8 for
specimen A2. This blast wave propagates through the slab in the form of
a compressive stress wave. On arrival at the back face of the slab, it is
reﬂected as a tensile wave [14]. The propagation of the blast wave
generates high strains in the CFRP strips as shown in Fig. 9 (for spe-
cimens A3-A5, for specimen A2 the strain gauge was damaged). At the
end of all the curves, a perturbation of the signal is recorded, this is due
to the impact of the RC slab with the EDST in the rebound phase. The
results recorded by the strain gauges after the impact of the slab with
Fig. 4. Graphic representation of an explosive driven shock tube.
Fig. 5. (a) Reﬂected pressure time histories; (b) Schematic of the setup to measure the reﬂected pressure at the end of the tube.
Fig. 6. Experimental setup for blast tests.
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Fig. 7. (a) Stereo vision setup of two high speed camera for DIC measurements and a laser pointer; (b) strain gauge bonded on CFRP strip; (c) strain gauges glued on
steel rebars before casting the concrete.
Fig. 8. Top view of the midspan of the slab captured with the high-speed camera.
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the tube are not taken into account and only the inbound phase is
presented in Fig. 9.
If the normal stress applied is limited compared to the ultimate
stress of the concrete, the stress wave is elastic and propagates at a
speed of =V E
ρc
c
c
[14], where Ec is the concrete Young’s modulus, ρc is
the density of the concrete and Vc is the wave speed. It took less than
0.02ms for the blast wave to travel from the impact surface of the
specimen to the opposite side with the CFRP strips. Due the blast re-
sponse, the slabs are deﬂecting and vibrating, creating stresses in the
concrete and resulting ﬂexural cracking when the concrete tensile
strength is exceeded, as was the case e.g. for the specimen A2. Flexural
cracks are bridged by the CFRP and depending on the stress level this
can result in the debonding of the CFRP strip. Fig. 10 shows the
Fig. 9. Evolution of the strain in the CFRP strips during the inbound phase (
contact with the tube).
Fig. 10. Distribution of the cracks in the specimen A2 during the explosion.
A. Maazoun et al. Composite Structures 200 (2018) 246–257
251
appearance of the ﬁrst cracks after the blast wave hit the specimen A2
at time 1.4 ms.
3.2. Deﬂection history at the midspan of the RC slabs
DIC measurement is a non-contact measuring approach for identi-
fying coordinates of points and patterns in images and their displace-
ments during translation, rotation and deformation of the object [15].
The deﬂection at the midspan of the RC slabs is determined by tracking
the optical targets in diﬀerent time stages and by comparison of the
coordinates to their reference position [16]. The measured deﬂection
response is shown in Fig. 11. For the specimens A2 and A3 only the
inbound phase is recorded. Comparing the maximum deﬂection of the
RC slabs, the experimental results conﬁrm that the EBR signiﬁcantly
increases the ﬂexural capacity and the stiﬀness of the slabs. A reduction
in the maximum displacement for all specimens retroﬁtted with EBR is
observed at the inbound phase, e.g. a reduction of 32% and 47% is
recorded for slab A5 retroﬁtted at both sides with 2 strips and specimen
A4 retroﬁtted with 4 strips (at one side).
For blast loads, the RC slab is submitted to a dynamic vibration in
both directions and during the ﬁrst inbound displacement phase, the
kinetic energy of the retroﬁtted specimen is stored as elastic strain
energy in the CFRP strips. All this elastic strain energy is violently re-
leased as kinetic energy during the rebound phase of the slab [17] and
increases the deﬂection of the slab in the rebound phase. E.g. for spe-
cimen A4 compared to A1, the rebound deﬂection is increased by 21%
as shown in Fig. 11. To anticipate this behaviour, slab A5 was
strengthened at both sides. For this specimen at the rebound phase, also
a strong reduction of 63% in the rebound deﬂection is observed (see
Fig. 11).
In the rebound phase, the CFRP strips act also in compression due to
the small thickness of the slab. To conﬁrm this analysis a comparison of
Fig. 11. Deﬂection time history ( for A2-A3 only
the inbound phase was recorded).
Fig. 12. Deﬂection time history and strain distribution for specimen A4.
Table 3
Damage assessment of the RC slabs.
Tests Type of the slabs Maximum deﬂection Dmax (mm) Support rotation θ (°) Damage levels
A1 Control specimen 34.2 2.0 Heavy damage
A2 Retroﬁtted with 1 CFRP strip 21.0 1.2 Moderate damage
A3 Retroﬁtted with 2 CFRP strips 20.0 1.1 Moderate damage
A4 Retroﬁtted with 4 CFRP strips 18.0 1.0 Moderate damage
A5 Retroﬁtted with 2 CFRP strips at both sides 25.0 1.4 Moderate damage
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the blast response of specimen A4 is shown in Fig. 12, in terms of de-
ﬂection and CFRP strain of one strip. In the inbound displacement
phase when the slab reaches a maximum deﬂection of 18mm, a max-
imum strain of 0.22% is measured in the CFRP strip. In the rebound
displacement phase, a maximum compressive strain of −0.18% is
measured when the slab reaches −12.5 mm.
To evaluate the damage observed on the RC slabs, two parameters
should be taken into account according to the prescription UFC3-340-
02 [18]. The ﬁrst parameter is the support rotation deﬁned as the angle
made between the axis-angle of a straight segment connecting the
support point with the point of maximum deﬂection called (θ). The
second parameter is the maximum deﬂection recorded at the mid-span
of the slabs (Dmax) [19]. The classiﬁcation of the damage intensity of
the RC slabs without and with EBR are based on these two parameters.
Three damage levels are considered: minor damage (θ < 1°); moderate
damage (1°≤ θ < 2°); heavy damage (2°≤ θ) [18]. Table 3 reports
these two parameters, as well as the damage levels of the slabs after the
explosion. Though the support rotation is positively inﬂuenced and a
lower damage level is obtained for the strengthened slabs, this damage
level classiﬁcation is not capturing the diﬀerence in between the
strengthened slabs A2 and A4.
3.3. Strain distribution in the steel reinforcement, concrete and CFRP
The variation of longitudinal strains in the steel reinforcement and
CFRP strips are measured using electrical strain gauges bonded at 0.1m
from the midspan of the slabs. For all tested specimens at time 1.4ms, a
ﬁrst peak of strain in the steel rebars and CFRP strips is recorded during
the inbound phase as shown in Fig. 9 and Fig. 13. This is due to the
impact of the blast wave causing the bending of the slabs. On top of
that, vibrations are added due the propagation of the stresses in the
concrete; this explains the small oscillations recorded in the strain
evolution during the inbound phase. Increasing the amount of CFRP
decreases the strain in the steel reinforcement. A reduction of 38%, 51%
and 61% is recorded for slabs retroﬁtted with one strip, two strips and
four strips, respectively.
Using DIC measurements, the evolution of the strain in the concrete
and in the CFRP strips during the explosion are recorded using virtual
strain gauges. Three points are chosen at the midspan of the slab for test
A1 and four points for test A2 as shown in Fig. 14. The corresponding
strain time history results are shown in Fig. 15. For test A1, the strains
in the concrete measured in three points of the control specimen exceed
the tensile cracking strain of the concrete εct = 0.012%. At the non-
loaded side, bending cracks initiated at the edges of the slab and pro-
pagate to the center (start from point ε1 to point ε3). Flexural cracks are
observed at the midspan of the slab with a maximum deﬂection of
34.2 mm. For test A2, the ﬂexural stiﬀness of the slab increases due to
the CFRP strip. The distribution of cracks initiates also from the edges of
the slab and appears to stop before reaching the CFRP strip, as the strip
eﬀectively bridges the cracks and arrests the crack opening. As the
CFRP strip is bonded all along the slab length, the global ﬂexural ca-
pacity is increased and multiple thin cracks are observed. The strain in
the concrete at point ε3 close to the CFRP strip is similar to the strain in
the CFRP strip as shown in Fig. 15.
Fig. 16 shows the evolution of the strain in the CFRP strips for test
A5 (retroﬁtted at both sides with two CFRP strips) during the inbound
Fig. 13. Evolution of the strain in the steel rebar during the inbound phase (
contact with the tube).
Fig. 14. DIC virtual measuring points at midspan for test A1 (a) and test A2 (b).
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phase. Two strain gauges (SG1 and SG2) are glued on the opposite sides
of the specimen A5 and at the same position (0.1 m from the midspan of
the slab). SG1 measures the strain in the CFRP strip in the non-loaded
side and SG2 measures the strain in the CFRP strip on the blast loaded
side. In the inbound phase, when the slab reaches the maximum de-
ﬂection, SG1 works in tension and measures a strain of 0.2%. On the
other side of the slab SG2 works in compression and measures a ne-
gative strain of -0.09%.
3.4. Crack distribution of the blasted specimens
The retroﬁtted slab with one CFRP strip show a higher number of
Fig. 15. Strain time history results during the inbound phase (a) Distribution of the strain in the concrete for test A1, (b) Distribution of the strain in the concrete and
CFRP strip for test A2.
Fig. 16. Strain time history for test A5 during the inbound phase.
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tensile cracks with smaller widths compared to the control specimen.
For the RC slab with two CFRP strips, the ﬂexural cracks are almost
invisible, and for the RC slabs with four CFRP strips, no cracks are
observed. Under blast loading, the control specimen experiences the
traditional mechanism of energy dissipation (yielding of the steel and
cracking of the concrete in the loaded area). However, CFRP strips
make a uniform distribution of this energy all along the slab; this ex-
plains the multiplication of tensile cracks on the retroﬁtted specimens
on the non-loaded sides as shown in Fig. 17. Increasing the amount of
the CFRP strips prevents the appearance of the ﬂexural cracks on the
non-loaded side of the slab but increases the appearance of cracks on
the blast loaded side. Only for specimen A5, which is retroﬁtted at both
sides with two CFRP strips, no cracks are observed on both sides of the
slab (see Fig. 17).
4. Analytical analysis and comparison with experimental data
Single Degree of Freedom (SDOF) methods are commonly used to
predict the behavior of a structure subjected to a blast load. Such ap-
proach is highly referenced and applied in design codes such as UFC 3-
340-02 [16]. The accuracy of the SDOF approach depends on the var-
ious simplifying assumptions employed to achieve approximate solu-
tions to complex problems. In this study, the RC slabs are transformed
into an equivalent mass-spring system as shown in Fig. 18. The pressure
of the blast wave applied to the RC slab is assumed as a concentrated
Fig. 17. Crack patterns of the blasted specimens for both sides.
Fig. 18. SDOF system for simply supported one-way RC slab.
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load at the midspan of the slab. The dynamic equation of the SDOF
system is expressed as follows:
+ =K M u t Ru t AP t¨ ( ) ( ) ( )LM SDOF r (1)
where MSDOF is the total mass of the slab, R is the resistance of the SDOF
system, APr(t) is the external force equal to the reﬂected pressure
multiplied by the loaded area, u(t) is the variable displacement and u t¨ ( )
the acceleration of the system. The factors required for the calculation
of the slab deﬂection (including load-mass factor KLM and maximum
resistance Rm) are obtained using the formulas for simply supported
one-way structural elements [18]. A dynamic increase factor (DIF) for
the steel reinforcement and the concrete has been considered. This was
done by multiplying strengths by the DIF, which are 1.25 for the con-
crete and 1.2 for reinforcing steel. No DIF factors are applied for the
CFRP strips [20].
Bonding CFRP strips on the RC slab provides stiﬀness to the spe-
cimen and aﬀects the position of the neutral axis of the retroﬁtted slab
compared to the control specimen. This is illustrated in Figs. 19 and 20,
demonstrating strain compatibility and force equilibrium in the analysis
of a cross section of the control specimen and the retroﬁtted specimen,
respectively, for the ultimate limit state in bending and as applied to
calculate the resistance of the SDOF system. The calculations conﬁrm
that the blast response of the retroﬁtted slab changes due to the fact
that the eﬀective moment of inertia of the strengthened slabs increases
which adds stiﬀness to the spring of the system as shown in Table 4.
When the slab is retroﬁtted with four CFRP strips, an increase of 279%
in the stiﬀness of the spring of the system for test A4 is calculated.
Analytical results show a good agreement with the experimental results
in the prediction of the maximum deﬂection at the midspan of the RC
slabs with EBR (see Table 4).
5. Conclusions
This study presents experimental and analytical results of RC slabs
with EBR, simply-supported, under blast loads. The conclusions from
this study are drawn as follows:
1. The blast response of strengthened slabs can be eﬀectively improved
by means of FRP strengthening, although special consideration
should be given to the inbound versus rebound phase of the re-
sponse.
2. The strain gauges bonded on the steel reinforcement and CFRP strips
recorded the strain evolution during the inbound phase. Increasing
the amount of CFRP strips decrease the strain in the steel re-
inforcement. A reduction of 48% and 62% of the strain in the steel
reinforcement for test A3 and test A4 are recorded.
3. CFRP strips as EBR increase the ﬂexural capacity and the stiﬀness of
the slabs. A reduction of 32% and 47% in the maximum deﬂection
(inbound phase) is recorded for slab A5 and slab A4, respectively.
4. The RC slab retroﬁtted at both sides with CFRP strips shows better
ﬂexural resistance than the control specimen, both in the inbound
and rebound phase of the slab. No cracks are observed and a re-
duction of 63% in the rebound deﬂection is measured.
5. CFRP strips as EBR reduce the damage level of the retroﬁtted slabs.
The rotation based damage level of the retroﬁtted slab A4 is clas-
siﬁed as a moderate damage (support rotation θ=1°) comparing to
the damage level of the control specimen classiﬁed as heavy damage
Fig. 19. Analysis of a cross section of the control
specimen for the ultimate state in bending with x:
position of the neutral axis; b: width of the slab; h:
height of the slab; d: eﬀective depth; ɛs: strain in
the steel reinforcement; ɛcu: ultimate strain in the
concrete; Mp: plastic moment; As: cross section of
the steel reinforcement; fds: Dynamic yield strength
of the steel reinforcement; fdc: Dynamic concrete
strength.
Fig. 20. Analysis of a cross section of the retroﬁtted
specimen for the ultimate state in bending with x:
position of the neutral axis; b: width of the slab; h:
height of the slab; d: eﬀective depth; ɛs: strain in
the steel reinforcement; ɛf: strain in the CFRP strip;
ɛcu: ultimate strain in the concrete; Mp: plastic
moment; As: cross section of the steel reinforce-
ment; Af: cross section of the CFRP strips; Ef:
Young’s modulus of the CFRP; fds: Dynamic yield
strength of the steel reinforcement; fdc: Dynamic
concrete strength.
Table 4
Analytical calculation using SDOF approach.
Tests Load-mass
factor KLM
External force
F (kN)
Position of the
neutral axis x
(mm)
Ultimate
moment Mp
(kNm)
Spring constant
=Kb EI
L
48
3 (kN/m)
Maximum resistance
=Rm MpL
4
(kN)
Maximum
deﬂection Danal
(mm)
Maximum
deﬂection Dexp
(mm)
Ratio
Danal
Dexp
A1 0.49 270 8 3.8 195.2 7.6 35.0 34.2 1.02
A2 240 17.3 6.0 268.6 12.1 24.0 21.0 1.14
A3 240 20.5 7.1 364.0 14.3 21.0 20.0 1.05
A4 270 24.9 8.7 545.3 17.4 19.3 18.0 1.07
A. Maazoun et al. Composite Structures 200 (2018) 246–257
256
(support rotation θ=2°).
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